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Human Herpesvirus
Epstein-Barr (EBV) and
Its Porcine Homologs
Unveil the Conserved
Mechanism of Receptor
Endocytosis: New
Insights Into Viral
Immune Evasion and
Antiviral Therapy
Potential?

In the Spotlight

Humani herpesvirus
Epstein-Barr (EBV)

in njegovi prasicji
homologi razkrivajo
ohranjeni mehanizem
receptorske endocitoze:
nov vpogled v virusno
izmikanje imunskemu
sistemu in potencialne
protivirusne terapije?
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Over the past two years, the University of Ljubljana and the
Republic of Slovenia’s public agency, the Slovenian Research
and Innovation Service (ARIS), have acknowledged and cel-
ebrated several exceptional accomplishments in viral recep-
tor research. These achievements are considered among the
finest by both the University of Ljubljana and ARIS. The sig-
nificance of these achievements lies in the research findings,
which indicate that the EBV-BILF1 receptor encoded by the
Epstein-Barr virus (EBV) could become a promising new drug
target for EBV. Additionally, the research suggests pigs repre-
sent a great model for further investigations (1—4).

Epstein-Barr virus (EBV), also known as human herpesvirus 4
(HHV4), is found in about 95% of the world’s adult population
and causes infectious mononucleosis (5). EBV is also an on-
covirus and is associated with various types of lymphoma and
other cancers. In patients with compromised immune system
following solid organ transplants (SOT) and hematopoietic
stem cell transplants (HSCT) EBV infection is considered as a
driving factor for the development of post-transplant lympho-
proliferative disorder (PTLD), which leads to various types of
tumours with a high risk of fatal outcome (6,7).

Univerza v Ljubljani in Javna agencija za znanstvenorazi-
skovalno in inovacijsko dejavnost Republike Slovenije (ARIS)
sta v preteklih dveh letih prepoznali in pocastili veC izjemnih
dosezkov na podrocju raziskovanja virusnih receptorjev. Ti
dosezki — tako na Univerzi v Ljubljani kot na ARIS-u — sodi-
jo med najboljSe. Njihov pomen izhaja iz raziskav, ki kazejo
na to, da bi se lahko receptor EBV-BILF1, kodiran na virusu
Epstein-Barr (EBV), uporabljal kot obetavna nova tarc¢a za
zdravljenje EBV. Poleg tega raziskava predlaga uporabo pra-
Si¢ev kot modela za nadaljnje preiskave (1—4).

Virus Epstein-Barr (EBV), poznan tudi kot humani herpesvi-
rus 4 (HHV4), je prisoten pri priblizno 95 odstotkih odrasle-
ga svetovnega prebivalstva in povzroc¢a infekcijsko mono-
nukleozo (5). EBV je tudi onkovirus in je povezan z razli¢nimi
vrstami limfoma in drugimi vrstami raka. Pri bolnikih z ogro-
Zzenim imunskim sistemom po presaditvi trdnih organov
(SQT) in presaditvi hematopoetskih mati¢nih celic (HSCT)
okuzba z EBV Steje za vodilni dejavnik za razvoj posttran-
splantacijske limfoproliferativne motnje (PTLD), ki vodi do
razlicnih vrst tumorjev z visokim tveganjem za usoden izid
6, 7).
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To achieve such severe complications many herpesviruses,
including EBV, human cytomegalovirus (HCMV) and Kaposi's
sarcoma-associated virus (KSHV), have developed various
strategies to infect and persist in the host for a lifetime (8,9).
One of these strategies is the expression of viral G protein-
coupled receptors (vGPCRs), which are structurally and func-
tionally similar to host GPCRs. Viral GPCRs play a crucial
role in immunological processes within the cell. They were
probably acquired from the host by molecular piracy and are
now exploited by the virus to manipulate and evade the host's
immune response. Thus, viral GPCRs are considered impor-
tant drug targets for various diseases, therefore research of
the pharmacological properties of these receptors and their
mechanisms of endocytosis is a crucial step in their identifi-
cations as drug targets (10).

EBV encodes a viral G-protein-coupled receptor (VGPCR)
called EBV-BILF1, which plays a crucial role in oncogenesis
and immune evasion. EBV-BILF1 orthologs in pigs are encod-
ed by three porcine lymphotropic herpesviruses (PLHV1—3)
(11). The recent unveiling of the EBV-BILF1 structure by an
international team, including Slovenian scientists, who de-
scribed the specific features and highly conserved constitu-
tive activity for Gai coupling in a ligand-independent fashion,
promises a significant advance in the formulation of strate-
gies targeting the BILF1 receptors (3).

Endocytosis plays a crucial role in cellular transport of GPCRs.
Several herpesviruses, including EBV, encode vGPCRs that
help to evade the immune system and virus to spread. One of
the published articles focused on the endocytosis of vVGPCRs
and their importance, highlighting the constitutive internaliza-
tion of BILF1 from human and porcine y-1 herpesviruses. New
methods, such as real-time fluorescence assays, have played
an important role in the study of these processes (1,2,4).

Furthermore, mechanisms of the internalization of the EBV-
BILF1 receptor and receptor orthologs from porcine lympho-
tropic herpesviruses (PLHVs) were studied in detail in com-
parison to EBV-BILF1. A real-time fluorescence resonance
energy transfer (FRET) assay together with the expression
of dominant-negative variants of specific endocytic proteins,
including dynamin-1 and the clathrin inhibitor Pitstop2 was
used to investigate the mechanism of EBV-BILF1 internal-
ization. Bioluminescence resonance energy transfer (BRET)
saturation analysis was used to determine the interactions
of the BILF1 receptors with B-arrestin2 and Rab7. Finally, the
informational spectrum method (ISM) was used for bioinfor-
matics analysis to investigate the interaction affinity of BILF1
receptors with various cellular components. Overall, this work
showed that all BILF1 receptors undergo dynamin-depen-
dent, clathrin-mediated constitutive endocytosis, that also
dependent on caveolin-1 which is critical for proper BILF1 re-
ceptor trafficking. After receptor internalization recycling and
degradation pathways have been proposed for BILF1 recep-
tors. The study provides new insights into receptor transport
and the similarities between the internalization mechanisms
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Da bi dosegli tako resne komplikacije, so Stevilni herpesvi-
rusi, vklju¢no z EBV, humanim citomegalovirusom (HCMV)
in virusom, povezanim s Kaposijevim sarkomom (KSHV),
razvili razlicne strategije za okuzbo in vztrajanje v gostitelju
vse Zivljenje (8, 9). Ena od strategij vkljucuje izrazanje viru-
snih s proteini G sklopljenih receptorjev (vGPCR-jev), ki so
strukturno in funkcionalno podobni GPCR-jem gostitelja.
vGPCR-ji igrajo klju¢no vlogo predvsem pri imunskih proce-
sih v celici. Verjetno so jih od gostitelja pridobili s pomocjo
molekularnega piratstva, sedaj pa jih virus izkorisCa za ma-
nipulacijo in izogibanje imunskemu odzivu gostitelja. Tako
vGPCR-ji veljajo za pomembne tarce zdravil za razlicne bo-
lezni, zato je raziskava farmakoloskih lastnosti teh recep-
torjev in njihovih mehanizmov endocitoze pomemben korak
pri njihovi identifikaciji kot tar¢ zdravil (10).

EBV kodira z G-proteini sklopljen receptor (vGPCR), ime-
novan EBV-BILF1, ki je kljuCen pri onkogenezi in izmikanju
imunskemu sistemu cCloveka. Ortologe receptorja EBV-
si (PLHV1=3) (11). Nedavno odkritje strukture receptorja
EBV-BILF1, pri katerem so bili vkljuceni tudi slovenski razi-
skovalci, ki opisuje njegove strukturne znacilnosti in visoko
ohranjeno konstitutivno aktivnost za vezavo z Gai podeno-
to proteina G v odsotnosti liganda, bo znatno pripomoglo k
napredku pri raziskovanju receptorjev BILF1 kot obetajocih
tar¢ za nova zdravila (3).

Endocitoza je pomembno vpletena v znotrajcelicni tran-
sport, tudi GPCR-jev. Razlicni herpesvirusi, vklju¢no z EBV,
ki kodirajo vVGPCR-je, pomagajo pri izogibanju imunskemu
sistemu in Sirjenju virusa. Objavljeni pregledni ¢lanek obrav-
nava endocitozo vVGPCR-jev in njen pomen, s poudarkom
herpesvirusnih receptorjev BILF1. Nove metodologije, kot
so metoda internalizacije v realnem cCasu, ki temelji na me-
todi FRET, so bile klju¢ne pri prouc¢evanju teh procesov (1,
2,4).

V enem izmed ¢lankov, ki so jih objavili slovenski raziskoval-
ci v sodelovanju s partnerji v tujini, so bili podrobno prouce-
vani mehanizmi za internalizacijo receptorja EBV-BILF1 in
translacijski potencial ortologov receptorja EBV-BILF1, ki jih
z EBV-BILF1. Za raziskovanje mehanizma internalizacije re-
ceptorjev BILF1 je bila uporabljena nova metoda, temeljeCa
na fluorescen&nem prenosu resonanc¢ne energije v realnem
¢asu (FRET) skupaj z izrazanjem dominantno negativnih
mutant specifi¢nih proteinov, vklju¢enih v proces endocito-
ze, vklju€no z dinaminom-1 in zaviralcem klatrina Pitstop2.
Saturacijska analiza bioluminiscentnega prenosa reso-
nanc¢ne energije (BRET) je bila uporabljena za preucevanje
interakcij receptorjev BILF1 z B-arestinom2 in Rab7. Poleg
tega je bila za bioinformati¢no analizo uporabljena metoda
informacijskega spektra (ISM) z namenom raziskovanja in-
terakcijske afinitete receptorjev BILF1 z razli¢nimi celi¢nimi
proteini ali pododdelki. Studija je pokazala, da je endocitoza
vseh receptorjev BILF1 konstitutivna in odvisna od dinamina



of EBV-BILF1 and PLHV1—2 BILF1 suggest potential transla-
tional applications for PLHVs (7).

Another study focused on the constitutive activity of EBV-
BILF1 and its role in EBV-mediated immunosuppression and
oncogenesis. The cryo-electron microscopy structure, re-
solved at 3.2 A, showed that an extracellular loop within EBV-
BILF1 obstructed the usual chemokine binding site, indicating
EBV-BILF1 receptor activation without ligand, suggesting that
the intrinsic activity of EBV-BILF1 underlies immunosuppres-
sion and virulence without being dependent on the presence
of a ligand. This finding has implications in discovering novel
functions of GPCRs encoded by similar viruses and for the
development of antiviral therapies (3).

EBV-BILF1 has also been shown to play a critical role in on-
cogenesis and immune evasion by downregulating major
histocompatibility complex (MHC-I) molecules in infected
cells. This downregulation is thought to occur through the
internalization of EBV-BILF1 together with MHC-I. In immu-
nosuppressed transplant patients, EBV infection can lead to
PTLD. Miniature pigs infected with PLHV1—3 develop a simi-
lar disease, which makes them potential preclinical model
for PTLD. BILF1 orthologs encoded by PLHVs have similar
characteristics to EBV-BILF1, including cell surface localiza-
tion, internalization, MHC-I downregulation, and Gai signaling
patterns. PLHV1 was observed in the lymphoid tissues of
pigs suffering from PTLD, indicating its involvement in PTLD
infection. The lack of preclinical models to validate BILF1 re-
ceptors and study EBV-related diseases is currently a chal-
lenge. Nevertheless, the results of these recently published
articles suggest that PLHV1-infected pigs may represent a
viable model for studying the potential role of BILF1 as a key
driver and therapeutic target in EBV-associated proliferative
diseases (2).

As different efforts are made to find a new therapeutic pos-
sibility against EBV-related diseases recent paper in Science
(12) pronounced the importance of finding new therapeutic
possibilities against EBV-related diseases. In this paper latent
gene EBNA-2, which initiates the transcription of viral and
cellular genes and induces B-cell transformation and was ex-
ploited many years in connection with vGPCRs (13) was be-
ing shown to be involved in expression of metabolic enzyme
IDO1 in infected cells. IDO1 controls immune responses and
controls de novo synthesis of NAD+. Blocking IDO1 could
therefore for be used as the first precision medicine cellular-
metabolic intervention affecting viral infection in vivo.

This research is not only pushing the boundaries of what is
known about EBV and developing this vital research area, but
it is also attracting international acclaim. This work is attract-
ing prestigious and ongoing collaborators from Denmark,
Germany, Serbia, the United Kingdom and the United States,
such as Stanford and Colorado Universities. The featured
studies provided a comprehensive understanding of the role
of EBV-BILF1 in viral pathogenesis and immune evasion as

ter poteka preko klatrinsko odvisne poti. Afiniteta interakci-
je med receptorji BILF1 in kaveolinom-1, skupaj z zmanj-
Sano internalizacijo ob prisotnosti dominantno negativne
variante kaveolina-1, je pokazala vpletenost kaveolina-1 v
prerazporejanje receptorjev BILF1. Po internalizaciji so bile
pri receptorjih BILF1 proucevane poti njihovega recikliranja
in razgradnje. Studija odstira nov vpogled v znotrajceli¢no
prerazporejanje receptorjev, podobnosti mehanizmov inter-
nalizacije med EBV-BILF1 in PLHV1—2 BILF1 pa kazejo na
morebitne translacijske aplikacije za PLHV (7).

Naslednja Studija se je osredotoCala na konstitutivno ak-
tivnost receptorja EBV-BILF1 in njegovo vlogo pri zaviranju
delovanja imunskega sistema in pri virusni onkogenezi EBV.
Struktura, pridobljena z uporabo krioelektronske mikrosko-
pije pri logljivosti 3,2 A, je pokazala, da zunajcelina zanka
receptorja EBV-BILF1 ovira obi¢ajno vezno mesto za kemo-
kine, kar kaze na aktivacijo receptorja v odsotnosti liganda
in pomeni, da aktivnost receptorja EBV-BILF1 vpliva na zavi-
ranje imunskega sistema gostitelja in virulenco virusa, brez
vezave liganda na receptor. Ta ugotovitev ima pomembne
posledice za delovanje GPCR-jev, kodiranih s podobnimi vi-
rusi, in za razvoj terapij proti EBV (3).

Kot je bilo omenjeno, je receptor EBV-BILF1 kljuCen pri
onkogenezi in izmikanju imunskemu sistemu, kar doseze
Z znizanjem povrSinske izrazenosti glavnih molekul histo-
kompatibilnega kompleksa (MHC-1) na okuzenih celicah. Do
znizane povrsinske izrazenosti naj bi prislo zaradi interna-
lizacije receptorja EBV-BILF1 skupaj z molekulami MHC-I.
Pri bolnikih z zavrtim imunskim sisternom po presaditvi tkiv
lahko okuzba z EBV povzroGi posttransplantacijsko limfo-
proliferativno bolezen (PTLD). Miniaturni prasici, okuzeni s
prasi¢jim limfotropnim herpesvirusom (PLHV1-3), razvije-
jo podobno bolezen, zaradi Cesar so potencialno zanimivi
kot predklinicni modeli za PTLD. Ortologi BILF1, kodirani
na virusih PLHYV, kaZejo podobne lastnosti kot EBV-BILF1,
vklju¢no z lokalizacijo na celi¢ni povrsini, internalizacijo,
znizano regulacijo molekul MHC-I in znotrajcelicnim pre-
nosom preko Gai. PLHV1 so izsledili v limfaticnem tkivu
prasiCev, obolelih s PTLD, kar kaze na njegovo vpletenost
v okuzbo s to boleznijo. Kljub temu pomanjkanje predklinic-
nih modelov za validacijo receptorjev BILF1 in preuCevanje
bolezni, povezanih z EBV, predstavlja trenutni izziv. Vendar
pa ugotovitve v nedavno objavljenih Clankih razkrivajo, da bi
lahko bili prasici, okuzeni s PLHV1, obetajo¢ model za razi-
skovanje potencialne vloge EBV-BILF1 kot kljucnega igralca
in terapevtske tarce pri proliferativnih motnjah, povezanih z
EBV (2).

Veliko raziskovalnih skupin si prizadeva poiskati nove tera-
pevtske moznosti proti boleznim, povezanim z EBV. Eden
izmed prebojnih je nedavni ¢lanek, objavljen v Science (12),
ki je poudaril pomen iskanja novih terapevtskih moznosti
proti boleznim, ki so povezane z EBV. V tem prispevku je bilo
dokazano, da je latentni gen EBNA-2, ki sprozi transkripcijo
virusnih in celi¢nih genov ter transformacijo B-celic in so ga
mnogo let proucevali v povezavi z vGPCR (13), vklju¢en v
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well as novel insights into potential therapeutic strategies tar-
geting this receptor.
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